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I. Introcuct ion 


This revort presents the results of a critical 
review of measured low energy, or long wavelength limits 
in the K, L and M discontinuities of x-ray absorption 
spectra, covering the wavelength range from approximately 
O.1 to 15 angstroms. The purpose of the survey has been 
to offer a table including ali recent determinations of 
these "absorption limit" wavelengths and, on the basis 
of our evaluation, tc recommend in each case that value 
considered as most nearly correct. In aidition, values 
of the wave number in inverse x-units, tne square root 
of this number, and the quantum energy value corresponding 
to each recommended wavelength have been calculated and 
are included in tne tables of section VI. 

Because x-ray absorption spectra depend on the 
chemical and physical state of the absorber, each 
element presents a variety of spectra, many of which 
have never been investigated, and each with discontinuities 
which differ in structural detail. To treat all of these 
is beyond the scope of this report, which is concerned 
prinarily with the pure ¢glemets in their solid state. 

In a number of instances however, a particular slement, 


or group of elements such as the rare earths, have been 





as 


Spee VOlyY limvestiweaced only in compound form, or, 

as for tne inert wises, in otner than the solid state, 
and thease measureinents have been evaluated for cases of 
this nature. 

Modified Moseley diagrams have been used extensively 
in the evaluation process and, in a number of instances, 
to obtain intervolated values. A complete set are 
included as appendix A. Much of the detail has of 
course been lost in the reproduction, due to the necessity 
of reducing the scale; nevertheless, they provide an 
excellent means of illustrating the relative accuracy 
of tne measurements. Most of those measurements 
studied are plotted on these diagrams, which are discussed 


at some length in section [ITI. 





Il, Theory and Experimental Techniques 


In principle, the structure of an absorption 
discontinuity reveals information concerning unoccupied 
levels belonging to the Fermi or valence band, or to 
the crystal lattice of the absorbing material. 
Unfortunately, many factors complicate accurate 
registration and interpretation of the absorption spectra 
in the wavelength regions of these discontinuities. 

It is not the purpose of this report to present a 
detailed account of either the theory involved in x-ray 
absorption phenomena, or of the experimental techniques 
of registration and measurement, and only a few of the 
more important aspects relating to precision of the 
measurements and accuracy of the values obtained are 
mentioned here. 

Early investigations (most of those prior to 1930) 
were carried out utilizing single crystal spectrographs 
of rather low resolving power. The resulting photo- 
graphic records revealed discontinuities in the form 
of comparatively sharp edges, often preceded by a more 
or less pronounced peak in the transmitted intensity. 


within the accuracy obtainable at that time, these 


i 


L For a complete discussion of these subjects, the 


interested reader is referred to the work by Sandstrom 
(95). In addition to a thorough review of theory and 
experimental techniques, this work contains an excellent 
bibliography listing many books and articles of general 
interest in the field of x-ray spectroscopy. 


"edges", as tney were quite naturally called, were 
eorrectly interpreted as telonging to the limit of 
BAG@LOCLOECUrIC AESOrULLOMetcr aepar.lcCulLar=electUrcnic 
shell or subsnell. In the late twenties and early 
thirties, the double crystal and bent crystal spectro- 
meters were developed, which, with certain modifications 
and improvements, have since come to be used almost 
exclusively for precision x-ray spectroscopic work. The 
significantly greater resolving power of these instruments 
has revealed a wealth of structural detail in the so 
called "edges" and adjacent regions of the spectra, 
which nas in turn raised num2rous questions concerning 
the theoretical interpretation. 

Before proceeding further witn the present dis- 
cussion, it 1s avuropriate Lomdigress sivently au. ume 
point to define several terms used throughout this 
report with relation to the above mentioned structure. 
The definitions given below are for the most part those 
generally accented; however, the terms are often used 
somewhat vaguely, or with slightly different connotation 
in the literature. 

Absorption Discontinuity - the general region of @™ 

x-ray absorption spectra in which the transmitted 

intensity, hence coefficient of absorption, varies 


abruptly (almost discontinuously) with wavelength. 


Absorption Bdge Sey Nee eon 1 On) Ot wAnnaosorption 
discontinuity extending in general, from the 

minimum of transmitted intensity (maximum absorption 
coefficient) toward longer wavelenrths, to the 
maximum of transmitted intensity (minimum absorption 
coefficient). Ina few instances, the shape of a 
discontinuity is such that this definition cannot 

be strictly acplied. A more ayvpropriate definition 
might be - that portion of a discontinuity which 
appears as a sharp edge when viewed with a spectro- 
meter of low resolving power. Except in those 

cases where two edges appear so closely spaced in 
wavelength that their structures overlap, tne edge 
joins to the smoothly varying portion of the spectra 
on the long wavelength side. 

Absorption Limit - the inflection point of longest 
wavelength in any curve representing an absorption 
edre. In many instances, and particularly in the 


case of gaseous absorbers, this is the inflection 


The reader familiar with the subject will note that 

the wavelength position of an absorption limit depends 
to a small degree on whether it is taken from an ab- 
sorption coefficient curve, or from a curve representing 
transmitted intensity. This difference is discussed 
later in this section as well as in section IV, and 

is the subject of avpendix B. 








point of the edge itself, however tne structure of 

an edge is usually more complicated and most often 

aprears stew like in forn. 

Main Edze - tnat vortion of the abscrvtion edge 

which includes the absorption limit. This term is 

used to distinguish between the longest wavelength 

"step" and secondary edges, or remaining "steps" 

in an edge having this type of structure. 

Fine Structure = all structure in an abserruien 

discontinuity falling to the short wavelength side 

of the edge. 

One of the most basic problems involving the inter- 
pretation of the structural details in absorption dis- 
continuities has been the question: What, if any, 
characteristic feature of the edge actually belongs to 
a transition into the first available, exterior level? 
Richtmyer, Barnes and Ramberg (83) treated this question 
theoretically in 193), using as a basis, the Weisskopf - 
Wigner theory of svectral line shapes applied to absorption. 
For the simplest case, they assumed that the regicn of 
high absorption on the short wavelength side of a main 


edge is the result of a superposition of equally spaced, 


3 The fine structure {ts generally divided into two 
types, wnich are discussed in detail by Sandstrom 
(95). Since it is not necessary for our purposes, 
the two types are not distinguished here. 
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identical absorption lines. Their result was that the 
absorption coefficient in the vicinity of a main edge 
should vary with wavelength, or frequency, according to 


an arctangent curve of the form 


Lee Fe a 
AO) = Cons}, (4 mes if erm ee GE) 
E 


Here x (v) is the absorption coefficient, % 4 the 
frequency difference between the initial state and first 
unoccupied level, and fé' is the full width at half 

maximum of each absorption line. A more complicated 
equation was obtained when they considered absorption 

by a metal, with a lewel distribution corresponding to 

that of a Fermi gas of free electrons. The two curves 
very nearly correspond however, differing at the inflection 
point by only a fraction of an electron volt. RBquation 

(IIT - 1) has never been explicitly werified experimentally; 
nevertheless, its value has been great, if for no other 
reason than that it has served to provide a standard in 
the analysis of results. Since its publication, most 
investigators who have utilized fionization, or counter 
techniques for registration of absorption spectra have 
sought the best fit between an arctan curve and the 
experimentally determined absorption coefficient curve 

in the region of a main edge. When such a fit is found, 

as is normally the case, the resulting inflection point 


(absorption limit) is generally accepted as the best 





j 


test 


answer to the question posed above. In some cases. 
investigators have measured the absorption limit directly, 
without actually determining an arctangent fit; however, 
the main edge is nearly always of a general arctangent 

{ orm. 

The interpretation of absorption coefficient curves 
in the region of an edge is discussed in detail by Parratt 
(109) in an interesting paper published in 1959. According 
to his conclusions, based on a consideration of the 
creation of excitation states, wave function symmetries, 
and the selection rules for transitions, the energy 
corresponding to an absorption limit should either be 
less than or greater than the normal binding energy of 
an electron in its initial undisturbed state, depending 
on whether a transition to the Fermi level is allowed or 
forbidden. 

Experimental attempts to verify the interpretation 
of an absorption limit as corresponding to the absorption 
transition of minimum energy have been confined primarily 
to comparing the values of h/e obtained by other methods, 
with results calculated from the minimum excitation 
voltage, V, of emission lines and frequency, UY , of the 
absorption limit which have respectively, final and 
initial levels in common using the relationship eV = hv. 


In 191, Bearden and Schwarz (113) reported a result for 





le 


h/e determined by this method of? 

h/e=1.3795 * 0.0010 x 101? org. sec. /e.s.u. 

More recently, Nilsson (108) obtained an average value 
of: 

h/e =1.379h + 0.0006 x 101? erg. sec./e.s.u.; 
the error being a limit of error. His results were 
based on an extensive investigation of K excitation 
potentials for 26 Fe, 27 Co, 28 Ni and 29 Cu emission 
lines and the corresponding absorption limit values from 
Beeman and Friedman (7). 

While results obtained in this manner agree reasonably 
well within combined errors with those determined by 
other methods, the uncertainties involved are quite large 
by comparison to the precision of recent absorption 
limit measurements. The limit of error attributed by 
Nilsson to the voltage determination alone is 280 ppm, 
whereas his estimate of the combined error for wavelength 
determination in x-units and conversion to absolute units 
is only 60 ppm. 

The results of a more recent investigation of the 
same problem were published by Nordfors (78) in 1961. 

In this vaper, he compares the binding energies Of 
ejected photo electrons, measured relative to the Fermi 
level by Nordling, Bergvall and Hornfeldt (110, 111), 


with recent absorption limit measurements by Nordfors 
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and Noreland (76, 77), which are taken from absorption 
coefficient curves, for the Lr» Ley and Let levels of 

h7 ag to S2 Te. The comvarisen is carried out by means 
of a mocified Moseley plot and within the estimated 
limits of combined error (approximately O.4 ev, or about 
100 ppm), there is nce consistent ditference found between 
the two sets of values for the Ly anc Lyyy levels. Lack 


of agreement for the Lry levels is attrituted to low 
accuracy in the absorption limit measurements, due to 


distortion osetne £ edges by overlapving fine structure 


IT 
of the Lrrt discontinuities. 

In view of the accented interpretation of an ab- 
sorption limit (and, in varticular, the predictions of 
Parratt (109) discussed above), Nordfors (78) considers 
this close agreement rather surprising and a more ex- 
tensive investigation seems highly desirable before 
drawing definite conclusions concerning the results. 
Nordfors does not state what value was used for conversion 
from wavelength in x-units to energy units, which could 
account, in part at least, for the somewhat unexpected 
resulta. 

To briefly summarize this discussion of interpretation, 
it arpears that the question of exactly what meaning 
should be assigned to the value of an absorption limit, 


is still open for discussion. Until the question is 


Ly 


resolved, the primary value of modern precision deter- 
minations of absorption limits remains that of relative 
comparison. 

So far, we have been concerned exclusively with the 
absorption limit as obtained from absorption coefficient 
curves. Unfortunately, the majority of x-ray absorption 
studies, until recently at least, have been carried out 
using photographic registration. This method does not 
involve statistical counting errors, and has the advantage 
of simultaneous registration of all wavelengths within 
a rather wide range and is thus not sensitive to 
variations of the incident intensity with time. [Inter- 
pretation of structure in the discontinuities recorded 
photographically is more difficult however, than in the 
case of absorption coefficient curves. This is due 
largely to nonlinearity of the intensity - blackening 
curve. Except for some of the investigations prior to 
1930, measurements of the absorption limit obtained by 
the photographic technique have generally been made 
directly on photometric curves of the discontinuities. 
These are essentially transmitted intensity versus 
wavelength curves; however, the density curve for the 
photographic emulsion is seldom taken into consideratim, 
so that accurate interpretation of precision measurements 


@ 


of this type is sometimes obscured. 
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In addition to the difficulties involving inter- 
pretation and the usual technical problems associated 
with crystal pec cna tere’. there is the problem of 
producing the spectra. Except in the case of gases, 
this involves the use of very thin absorbing screens. 

AS was noted in the introduction, the structure in an 
absorption edge, including the position of the absorption 
limit, depends on the chemical and physical state of the 
absorber. For this reason, production of the screens 
involves numerous technical difficulties. 

Sandstrom (95) lists the most common procedures for 
their manufacture as follows: 


1. Milling of thin sheets of material, 
mostly employed for metals in the region 
of short and medium wavelengths. 

2. Coating some carrier with a layer 

of the material in finely powdered form. 
As carriers, very thin paper or foils 

of plastic materials are commonly used. 
Aluminum foils some microns thick are 
also often employed. The Carrier it- 
self must have a low absorption in the 
wavelength region to be investigated. 

3. Mixing a fine powder of the material 
with a solution of cellulose acetate. 

The mixture is poured onto a glass plate. 
When the solvent has evaporated, the thin 
sheet can be removed by putting the glass 
plate in water. The cellulose acetate 
film will then come off very easily. 


y 


To our knowledge, grating measurements have never 
been made of absorption limits in the wavelength 
region covsred by this report. 
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4. vaporating the material onto 

a carrying foil by means of a vacuum 

furnace. This technique has been 

developed during the last two decades 

on a commercial basis. As carriers 

plastic materials are to be preferred, 

Since it is possible to remove then, 

if necessary, after the formation of 

the absorber. 

5. Soluble chemical compounds can be 

soaked into very thin paper. 

As pointed out in the succeeding paragraph by 
Sandstrom (95), "none of these metnods guarantees 
against contamination." Elements which oxidize readily 
constitute a particularly dirficult group to measure 
in their pure form and most often the oxide form is 
used. 

Until recently, the tnickness of an absorber was 
not thought to have any effect on the shape of an 
absorption edge and before 1957, investigators generally 
sought that thickness for which the product MX in the 

“fA 
relation IT=Lve gave maximum contrast at an edge, 
where is the absorption coefficient, x the thickness, 
and VAP the relative intensity. The sharpness of 
contrast obtained is of course an important factor in 
the precision of a measurement. Several criteria have 
been used to determine optimum thickness for this 


purpose, but in general, "trial and error" has most 


often been the deciding factor. 
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In a 1957 article, Parratt, Hempstead and Hossen 
(80) have pointed out that thickness of the absorber 
influences both the shape of structure in and near an 
edge and the position of the absorption limit. This is 
shown to be a result of the so called "tails" in the 
combined spectral window function of the crystal and 
spectrometer geometry, which play a significant role in 
the region of an edge due to the large asymmetry. The 
effect is to cause a shift in the true value of an ab- 
sorption limit toward shorter wavelengths. The magnitude 
of the shift is impossible to calculate, sinee the window 
function in the all important "tail" region cannot be 
determined; however, the indication is that an optimum 
thickness for accurate absorption structure measurements 
is considerably less than that which maximizes the 
contrast. 

Relatively few experimental investigations have been 
carried out to determine how large a shift results from 
this "thickness effect". Only those of Beckman, Axelsson 
and Bergvall (6, 8), carried out for the K absorption 
of 74 W and 79 Au, appear to have given definite results. 
In the case of gold, they observed an approximately linear 
shift of ~0.02 xu/O.1 mm for l absorbers of thickness 
from 0.2 to 0.02 mm. A similar result was obtained for 
Tungsten of -0.0) xu/0O.1 mm for thicknesses of less than 


O.2 mm. 
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Worth noting here is a comparison between the 
absorption limit value obtained from a curve of absorption 
coefficient versus wavelength and that observed on the 
corresponding curve of relative intensity versus wave- 
length, which is shown by Beckman, Axelsson and Bergvall 
(6) for the gold K limit. The intensity transmission 
curve in this case gave a result of approximately 
0.03 XU longer wavelength (opposite in direction to the 
"thickness effect"). 

With few exceptions, measurements of the absorption 
limits have been carried out relative to known emission 


line peaks. 
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IIIe Evaluation of the Measurements 


The Modified Moseley Diagrams. The primary method 


for evaluating measured absorption limit values has been 
through utilization of modified Moseley diagrams. These 
were constructed in the following manner: 
(a) An inverse wavelength, or wave number, y in 
xu) was calculated for each measurement, using in 
most cases, the published wavelengths. The exceptions 
were some of the older measurements, which were 
first corrected for errors in the value assigned to 
the emission line peaxs used as reference lines>, 
and a few cases where values of V were calculated 
from a combination of absorption and emission data. 
The reason for not correcting more than a few of 
the measurements was mainly the fact that the majority 
of articles reviewed did not provide sufficiently 
specific information concerning reference lines; 
however, in most cases the values for reference 
emission lines used by investigators since 1930 
agree, within the limits of error for the absorption 
measurements, with the most recent values from 


reference (107). The wave numbers for absorption 





5 


Correeted values for the reference lines were taken 
in all cases from reference 107. 
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limits calculated from absorption and emission data 
of the same element are obtained from the relation- 
ship: 7 * 

Ve = Ves, ee 
where V, is the wave number of the desired absorption 
limit, VY, is the wave number of a reference absorption 
limit known with relatively high accuracy, and Vem 
is the wave number of the emission line arising from 
a transition between the initial levels for absorption 
corresponding to y and Ue. The plus or minus 
sign depends of course on the relative energies of 
the Levels involved. This method has been used 
only for the heavier elements, where it is reasonable 
to assume that the energy difference of final states 
for absorption is small compared to the error in 
the absorption limit energy. 

(b) The average slope mre versus atomic number 2 
for each of the K, L and M absorption limits was 
then calculated for groups of from 8 to 18 elements 
and the equation for a straight line, roughly 
approximating the variation of experimental points, 


determined for each group. The grouping of elements 


The values used for “4s have been taken from the 
tables of section VI and those forvWg,, were calculated 
from the values given in reference 107. 
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was decided largely by the outer electronic con- 
figuration of the atoms; in most cases the elements 
in a group have vacancies in the same or adjacent 
electronic subshells. Thus the deviation of 
experimental points from the approximate straight 
line are small. 
(c) To obtain the modified Moseley diagrams as 
they appear in appendix A, these deviations from 
a straight line of the experimentally determined 
values essa Gh have been plotted versus Z, using a 
set of symbols which indicate the type of spectro- 
meter employed for the original wavelength measure- 
ment. ! Fitting of the curves to the resulting points 
was done visually, taking into account, reliability 
of the data and variations of electronic configuration 
with increasing atomic number. 
The preferred procedure followed in constructing 
the modified Moseley curves was to rely to a large extent 
on measurements selected for their accuracy during the 
course of reviewing the many articles in which absorption 
limit wavelength measurements have been published. These 
were primarily, but not always, those very recently 


carried out, and the wavelengths, which are considered 





U The key to symbols appearing on the modified Moseley 
diagrams is given in appendix A. 
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to be significantly more accurate than others of a 
particular absorption limit for a group of elements, 
are noted accordingly in the tables of section vr. 
Unfortunately, only a few such measurements are 
available and in general the curves are essentially a 
best fit to the available experimental points; although, 
very old measurements and those, which for no readily 
apparent reason fall consideratly off of the curve 
through remaining voints, have been largely disregarded. 
Because the methods used to construct the curves have 
not always been strictly consistent, or obvious, it is 
difficult to discuss them in general terms. Since they 
Girectly reflect our estimate of the most accurate 
absorption limit values, much of the remainder of this 
section is devoted to a discussion of metho’s and facts 
utilized in determining their most probable form. 
Evaluation of the measurements has started with 
the basic assumption that the true values of ys for a 
given absorption limit should vary with atomic number 
according to a uniformly smooth curve for each group of 
elements over which the electronic shells or subshells 
fill uniformly. An abrupt change in slope, or "break", 


in the curve is to be expected, however, at elements in 





8 Notation used in the tables is explained in section \V. 





Wiemete a 21.2 1, Or aiktsreli becemes filleuw. Por example, 


eee os K Atsersticn limits of elenents tetwWween 
Me TP ers 2C ard O%. [rn this casS transitions from 
meme Kear 1S leve’ tc vaeaccias in the id level are not 
oljmea acceaym@er. tc the selectimmi rules: nevertheless, 
at 29 Cu, where the 3d level becemes complete, tnere Is 
a sharp "break" in the modified Mceseley curve. It is 
oo eo egmeerec., S'iemt Ceviaticns from, tne 
nverere Cm vGewermre wer cillin of tte electronic sub- 
shells is scmewhat irregular, although suck. deviations 
apnear to be generaily less tran tne Ss: read in experimental 
points so that it is not clearly evident whether they 
eccur st all. 

The modified Yoseley diagrams have been usec to 
Getervine those measurements which vielc values of iv 
meet nesriv conforming to 2 Smee eur 7s. c wee Orn 
expected, based on the assumctions mentioned above. 

The majority of reconmended wavelengtns avpearing in 

the tables of section VI a@memencse for which YD satisfies 
this condition. In & nuMmMCerweteiastances the curve 
passes between two or more values, and in such cases 

the recommended wavelength has been taken directly from 
the curve. This in essence amounts to taking a weighted 


average, the weighting being determined to a large extent 


by adjacent values. Where no measurements have been 
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found in the literature, or those available differ 
quite significantly from what we have determined to be 
the most probable curve, interpolated walues have been 
recommended. 

Although most of the measurements reviewed have been 
evaluated on the basis of modified Moseley diagrams, there 
are a few for which there was insufficient data available 
for constructing such diagrams. For these cases, the 
recommended wavelengths are simply the published values 
considered most accurate, changed only in that they have 
been rounded off to reflect our estimate of accuracy, as 
are all of the recommended wavelengths. The absorption 
limits in this category are the M limits for elements 
of atomic number below 73 and all limits for elements 
of atomic number greater than 83, 

The inert gases constitute a somewhat special case 
in that the absorbers were gaseous for all measurements 
evaluated and the absorption limit energies, hence (> 
values, should be slightly different for the solid state. 
For this reason, the true modified Moseley curves for 
measurements carried out with solid absorbers are not 
expected to pass directly through the points corresponding 


to inert gases. The difference however, should be sald’? 


_—_—__ Oe 


9 Soules and Shaw (reference 106) compared the K absorption 
edge curves for solid and gaseous argon and krypton 
and found that the absorption limits differed by 
roughly 1 ev and l ev respectively, the lower energies, 
or longer wavelengths, occurring for the gaseous 
absorbers. 
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and the diagrams have assisted to some extent in 
evaluating these measurements also. 

In the preceding paragraphs, all of the basie 
methods used to evaluate the absorption limit measure- 
ments have been described and each of the reeommended 
wavelengths in the tables carries a superscript indicating 
that particular method used in its determination’©. The 
remainder of this section is devoted primarily to explaining 
the procedures employed in determining the most probable 
form for the individual modified Moseley curves. 

K Absorption Limits. The first diagram in appendix 
A covers the K limits from 10 Ne to 17 cl. Only a few 
investigations have been made in this region and several 
of those are quite old. The most recent measurement in 
this group is Roualt's for 13 Al, which was published in 
1957 and is considered significantly more acourate than 
the remaining measurements. At 10 Ne and 11 Na the curve 
is of practically no value, since any reasonable moasure- 
ments could be made to lie on a smooth curve here, and 
only a single measurement is available in each ease. 
Points between 12 Mg and 17 Cl are few, and are best 
fitted by a nearly straight line keyed to Rouwalt's 1957 
measurement for 13 al. Between 16 § and 17 Cl the slope 





= The system of superscripts used is described in 


section V. 
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decreases slightly; however, this is considered reasonable, 
since the only measurement available for 17 Cl was carried 
out with a gaseous absorber. As mentioned previously, 
Soules and Shaw (106) found that the K absorption limits 
for 18 A and 36 Kr were both of longer wavelength 

(smaller value for ‘a ) for a gaseous absorber than for 

a solid, so it is reasonable to assume that this is the 
ease here and that the limit of a solid Cl absorber would 
fall more in line with the limits of lower Z. 

An abundance of measurements are available for elements 
between 18 a and 35 Br; since there are none in this group 
which stand out as being of particularly greater accuracy 
than the rest, the curve here is simply a best fit to 
the more recent experimental points. At 20 Ca there is 
a definite "break" in the curve, which may be accounted 
for by the fact that the hs level is filled at this 
point. Since this leaves only three points between 164 
and 20 Ca, the curve is of somewhat marginal value for 
evaluating these three limits. ‘At 21 Sc, the only 
measurement available in the literature is Prieke's (37), 
published in 1920 and an interpolated value is recommended. 
From 22 Ti to 29 Cu, heavy reliance has been placed on 
Sanner's 1941 measurements. At 29 cu the 3d level is 
filled and there is again a definite "break" in the 


eurve and the recommended vwalue for this limit has in 


e7 


essence been determined by extrapolation of the curve 
from 30 Zn to 35 Br. 

Between 36 Kr and 53 I, the modified Moseley diagram 
is much the same as that between 18 A and 35 Br. Again 
there are no measurements of outstanding accuracy and 
the curve is drawn to fit the more recent measurements. 
Several of these were carried out using compounds; 
however, the difference between the absorption limits 
of compound and pure absorbers is probably less than tbs 

precision of measurements in this region. At L6 Pd, 
the id level is filled and as for 29 Cu, the recommended 
walue is based on an extrapolation of the curve from 
47 Ag to 50 Sn. 

Recent measurements of the absorption limits for 
elements 55 Cs to 72 Hf have been carried out exclusively 
with bent crystal instruments, using absorbers in various 
compound forms. Because of this, the curve which best 
fits these points is primarily of value as an indication 
of relative accuracy and as a means of interpolating for 
69 Tm, where the only available measurement is too old 
to be considered reliable. 

Only a few measurements have been made of the K 
absorption limits of elements 73 Ta to 83 Bi3 however, 
several of these are quite recent and considered to be 
of significantly high accuracy. In particular these 


are the measurements by Beckman, Bergvall and Axelsson 
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(6,8) for 7h w and 79 Au, and that of Bearden (k) for 

82 Pb. The curve for this diagram is keyed to these 

three points; the shape, however, was largely determined 
from values calculated in the manner described above. 
These calculated points are an averages of the results 
obtained from a combination of the Lrr and Lyrr absorption 
wave numbers with the K, and Ka» emission line wave 
numbers. 

L Absorption Limits. Very few measursaments have 
been made of the L limtts for elements of low atomic 
number; however, the modified Moseley diagrams have been 
useful in this region, particularly for obtaining inter- 
polated values where measurements are unreliable, or 
non-existent. 

For Ly; the first group includes elements from 30 Zn 
to 38 Sr. The first portion of the curve in this case 
has been determined from three measurements, namely those 
of 32 Ge (61), 33 as (93), and 3h Se (93). Since the 


L. limits for 30 Zn and 31 Ga have never been measured, 


JE 
approximate values have been determined by extrapolation. 
At 36 Kr there appears to be a significant error in 
Brogren'ts 19,8 measurement (9) and it has been discounted. 
The second portion of this curve was actually determined 
from the measurements for 37 Rb to 2 Mo, but only the 


points for 37 Rb and 38 Sr were included in the reproduction, 
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as the next diagram starts again with 36 Kr. This 
portion of the curve, as well as that for the next 


group of L_ limits up to 46 Pd has been determined 


Jf 
from measurements conducted in 1926 by Coster and Mulder 
(31), using various compounds, and the recommended Ly 
absorption limit wawelengths interpolated from the 

curve in this region are only approximate values; 
however, they are probably better than the available 
measured values. 

For Lry and Ly;; limits, measurements for the first 
group of elements are more recent and for the Lrrr limits 
at least, correspondingly more reliable. The Les limits 
however are probably distorted by overlapping fine 


structure from the L edges. This effect has been 


TEE 
noted by several investigators in the sosorption spectra 
of low Z elements up to 53 I. (See references 76 and 93). 
The curves for the first group of elements from 26 Fe to 


38 Sr have been drawn for both the L and Lyrr limits 


ia 

to fit the more recent measurements. 
As already mentioned, the measurements of L, limits 

available for elements from 37 Rb to 5S Rh are quite 

old and unreliable, and the curvwe in this region consists 

of two straight line segments from which interpolated 

values have been taken. The remaining measurements on 


this diagram (46 Pd to 8 cd) include the results of 


more recent investigations and this portion of the curve 
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is a best fit to these megsurements. 

More recent measurements of most of the Ly and Lrry 
limits are available for the elements 36 K to \8 cd; 
however, the curve which has been drawn through these 
points is not smooth, nor of the same general form as 
the curves for most other groups. 

The Los Ls and Lint curves for the group of elements 
from nn Ru to 55 Cs are again a best fit to the more 
recent measurements. The same is true of the Ly» Lrr 


and L curves for elements from 56 Ba to 72 Hf; however, 


III 
in this case we have relied on the measurements published 
by Coster, Nishina and wWernor (32) in 1923 and by Nishina 
(75) in 1925 to determine the shape of portions of these 
curves where more recent measurements have not been made. 
The position of the curve was then determined by the 

few modern bent crystal measurements available, all of 
which were carried out using absorbers in oxide form. 


As for the Ly» Ly and L diagrams in the previous 


ITI 
group, the Ly and Lyy diagrams here have several unexplainable 
"breaks", 

The Ly and Lyy and Urqr modified Moseley diagrams 
for elements 73 Ta to 83 Bi are divided into two groups, 
the first covering 73 Ta to 81 T1 and the second sovering 


76 Os to 83 Bi. In each case the curves have been drawn 


to best fit the more recent measurements. Key measurements 





Mieenis region Considered significan ly mare accurate 
than the rest, are the Ly limo tor (9 Au, measured by 


Mande (66) in 1956 and the Ls Ly, and Ly;; limits for 


JL 


82 Pb measured by tanson (38) in 12958, 

M Absorption Limits. There have not been enough 
M absorption limit measurements carried out on elements 
below 73 Ta for construction of modified Moseley diagrams 
and those measurements which have been made are quite old. 
The recommended wavelengths for these limits which are 
included in the tables of section VI are simply an 
estimate of the best available measurements in tne literature 
and must be considered as approximate only. 

The accuracy;, or seernaps more explicitly, themin 
aecuracy of the M absorption limits is sraphnical ly 
iliustrated by the modified Moseiey diarrans constructed 
for elements 73 Ta to 83 Bi. In order to assist in 
determining the most vrobable shape for thess curves, values 
have been calculated from L absorption and emission data 


as described above. For the My and M limits, the 


en 
calculated values are considered better than the 

available measured values. For Mio limits, there is 
relatively zood agreement between the calculated and 
measured values and boti have been used with about 

equal weight to determine the best curve. “the measurement 


considered most a curate in this croup is that by Vande 


(eS) for 79 Au, But] ishaciita Tae 





In the case of the Mry anc My rts, the dibparity 
between measured and calculated values is too large to 
be explained on the basis of tne estimated expoerinental 
error, or it would Seem, on the basis of different 
final states for the L absorption limits used in the 
calculation and tne actual final states for the Moy 


and M, absorption limits. The procedures followed in 


V 
determining the curves for these two cases was to first 
Graw a curve through the calculated points for the 
purpose of establishing the most probable shane. The 
resulting curve was then moved uv so that it passed 
through the voint corresvonding to the neasurement for 
72 Au by Mande (65) which is considered as the most 
reliable measurement avatlable in this region. 


Recomnended wavelengths were then determined by inter- 


polation from this curve. 





33 


IV. Discussion of Accuracy 


Because the true meaning of an absorption limit 
Qs defined in Section II) is not absolutely known, 
recent precise measurements lose some of their signifi- 
cance; nevertheless, this is the only point on absorption 
spectra which has been consistently measured by many 
investigators for the warious elements. For this reasm, 
these measurements provide at least a means of comparing 
the relative energy values of elements having similar 
electronic structure. Furthermore, even though the 
exact meaning is somewhat uncertain, it seems safe to 
assume that the absorption limit is, for most practical 
purposes, a measure of the minimum energy for photo- 
electric absorption from the initial level. Although 
the inflection point of the absorption coefficient 
versus wavelength curves is of greater significance 
theoretically, little appears to be lost in approximating 
it by the corresponding inflection point on a photo- 
metric curve. The difference is small compared to the 
precision of the majority of measurements and no 
distinction has been made in the evaluating; in fact, 
no systematic difference could be seen on the modified 
Moseley diagrams. This difference is investigated in 


some detail in appendix B. 





With regard to accuracy of the recommended 
absorption limit wavelengths, our primary concern is 
actually not the exact interpretation, but the expert- 
mental error involved, or, in other words, how accurately 
these values represent the longest wavelength inflectim 
point of the true absorption curve. In this sense, the 
factors which are of interest are the precision of the 
measurements and the effects which distort the true 
absorption curve, such as the "thickness Effect". 

The latter have been discussed in section II, but 
as noted there, not very much can be said concerning 
the magnitude of such distortions for the majority of 
measured limits. On the other hand however, it is 
believed that the method of using modified Moseley 
diagrams to evaluate the experimental results provides 
the best means of averaging out much of the experimental 
error, particularly for those cases where a large number 
of measurements have been made of a particular limit 
for a group of elements. Such cases generally involve 
several different types of spectrometers, various 
crystals and above all different investigators. 

The general criterea used to estimate the accuracy 
of recommended values were essentially the smoothness 
of the Moseley curves and the scatter of points. on 


this basis, we have estimated the probable uncertainty 
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by considering the different ways in which the curves 
might have reasonably been drawn and then have taken 
half of the total deviation considered possible in 
terms of wavelength. The fractional error in wave- 


length is, of course, twice the fractional error in iv. 





V. Bxplanation of the Tables 


The tables of section VI are set up such that the 
let four columns provide a brief summary for each element 
of all recent measurements made of K, L and MN absorption 
limits, ineluding reference, wavelength measured, type 
of spectrometer used, type of registration, and date the 
reference was published, plus other pertinent faets. 

In the remaining four columns are the recommended wave- 
length) the inverse of the recommended wavelength or 
wave number, the square root of this wave number and 


the energy corresponding to each recomended wavelength +. 





aaa The conversion factor used for calculating quantum 


energies from the recommended wavelengths was 
12, 373.0 kev - taken from references 11k, (h,e, 
and e) and 115 Aq /A, = |.00203). 
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The arrangement of the tables is as follows: 


Column 


lst 


Heading 
Disc 


Contains 


Designation of the X-ray level. 





end 


Bra 


hth 


Ref 


Remarks 


Number of the reference as listed 
in the bibliography, in which the 
measurement is reported. Calcu- 
lated values are indicated by 


"calc." 


Measured wavelength as published 
in the listed reference. Absolute 
measurements are indicated by an 
asterisk, all others are measured 
relative to reference lines. If 
the value has been corrected, the 
corrected value is given in paren- 
thesis below the published value. 
Calculated values are enclosed in 


square brackets. 


Type of spectrometer, type of 
registration, date of publication 
and the compound or state used as 
absorber if not the pure element 

in its solid state. For calculated 


values, the X-ray designation of 





ece 
ar, 


Poe humn Heading Centains 
Se Fewer lmi ts and emission 
lines used are listed. Ina few 
very old vaners, the measurement 
was made at the peak of absorption 
and half the slit width acded to 
obtein published value. This is 


indicated by "Aus. Pky 


Sth ae The Pesomnendecd atsorpticnma mt 


wavelength (Xv). 


6th y x10! wave number (x74) times 10! 
calculated frem the reccommended 
wavelength 

fome ie eaics Square root of the wave number 

oe q 
(xu 2) times 10- 
th kev Quantum energy ‘kev) corresponding 


to the recomrsnded wavelength 


The estimated accuracy of recommendec wavelengths, 
and of quantities calculated using these vaiues, is 
Incicated approxinately by the last digit of each 
numerical value. Those values for which tne estimated 
uncertainty is a few parts in the last digit are written 


in the normal runner. When the uncertainty is estimated 





BY, 


as being from 10 to 20 parts in the last two digits, the 
last digit has been subscripted. Ina few instances 

the last two digits are both subscripted. This has been 
done to avoid introducing additional powers of ten in 

the tables and in these cases the last digit is considered 
meaningless. 

The superscripts preceding each of the recommended 
wavetengths indicates the method used in determintng it 
as follows: 

a - Based on a single experimental measurement 
which is considered significantly better than any others 
for the particular absorption edge and is among the best 
in the wavelength region involved. Such values, when 
available, play a decisive role in determining the posi- 
tion of the modified Moseley curve. 

b - Based on the single experimental value 
which lies closest to the modified Moseley curve. 

¢ - Value given oy modified Moseley curve, which 
passes between two or more experimental points for the 
element concerned; hence it may alternately be regarded 
as a weighted means of measured values. 

d - Value based on a single experimental value 
or an average of experimental values where the Moseley 
curve was unavailable or inconclusive. 

T- Interpolated values where measurements for 


adjacent elements are reasonably good and the Moseley 





Lo 


curves well determined. 


TI Interpolated values where the form of the 


Moseley curves is more uncertain. These wavelengths 


are approximations at best, but better than any 


measurements available. 


Key to abbreviations: 


SC 


DC 


BCR 


BCT 


BCR 


TS 
73° 


Single crystal spectrometer of the 
Siegbahn type. 

Double crystal spectrometer. 

Bent crystal spectrometer of the 
reflection type. 

Bent crystal spectrometer of the 
transmission type. 

Spectrograph described in reference 
102. It differs from the bent crystal 
instruments used by most investigators 
in that the axis of the cylindrically 
bent crystal lies in the plane of dis- 
persion; whereas, in the usual arrange- 
ment, the axis of symmetry 1s normal 

to the plane of dispersion of the x-ray 
spectrum. 

Tube spectrograph. 


Diffractometer used as tube spectrograph. 


EG. 


PH 
IC 


SceC. 


Abs.Pk. 


Tet 


Spectrometer used by Mack and Cork 
(62) employing transmission through a 
flat crystal. 

Photographic registration. 

X-ray spectra registered by means of 
an ionization chamber type of detector 
(i.e. ionization chamber, proportional 
counter or Geiger counter). 

X-ray spectra registered with scintilla- 
tion counter. 

Measurement made at the maximum of 
absorption just preceding the edge. 

In most cases the wavelengths measured 
in this manner were "corrected" for 
half the slit width in the mistaken 
belief which was held by some of the 
early investigators that the breadth 
of the edge was due to the geometry of 


the spectrometer. 
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APPENDIX A 


Modified Moseley Disgrams 
Key to symbols used: 


yan Single crystal spectrometer 

+ Bent crystal spectrometer, reflection 
~— Bent crystal spectrometer, transmission 
@ Double crystal spectrometer 

og Tube spectrograph 

(*) Calculated values 

TAN Flat crystal spectrograph (62) 


The scale given on each of the following diagrams is the 
variation of wavelength in parts per million corresponding 
to a distance of one of the smallest divisions on the 
verticle scale. This variation changes non-linearly with 
wavelength and is given for the elements of lowest and 


highest atomic number respectively on each diagram. 
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APPENDIX B 


A Comparison of the Absorption Limit Values Determined from 
Coefficient of Absorption Curves with Those Obtained from 


Photometric Curves 


The purpose of this appendix is to investigate the differ - 
ence between the value of an absorption limit measured on a curve 
representing coefficient of absorption and that measured ona 
photometric recording representing transmitted intensity. In 
particular, we wish to substantiate the assumption that this differ - 
ence is small compared to the precision of the measurements. 

Let p represent the coefficient of absorption for an ab- 
sorber of thickness t, and let I. represent the relative transmitted 


_ x-ray intensity, then by the exponential law of absorption, 


= al (B-1) 


Based on the work of Richtmyer, Barnes and Ramberg 
(83), we assume that the absorption coefficient in the vicinity of 
a main edge can be represented by an arc-tangent curve, and we 


let | 
KO) = Ki 1 tan’ elo-vp ea (B -2) 


where K, a, and C are constants, and “VU, is the frequency of the 
absorption limit. 
We first consider the absorption limit of frequency v, 


on a curve representing the actual relative transmitted intensity 
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and look at the difference Up-V; = So. From Eq. (B-1): 








gh = ett (Gey tet ge 
AL V=Vqy , 
d = =O=te en (ghy - gh} 
t (fe) i a | ae 


From Eq. (B-2): 


= [1+ eCard] 


oe 
ov mv? [1+ a2 (v.-vy | 


Ay 2Ka> (Ve-v) 


— ore 
Vs Tr [1+ 0° (Wp -v)* | 
Substituting in Eq. (B-3) we obtain, 
t < ( 2Ka- ov 


aseGFP) = TT Tae} 
ie 2a 3v 
ag 


or 


hence 


Kt 


y= -—-— 
° 0) (B -4) 





ABSORPTION COEFFICIENT 


In order to evaluate the constants K and a, let yp, and ° 


Hy represent the limiting values of the absorption coefficient at 
the high and low energy sides respectively of the main edge, as 


shown in Fig. Bl below. (Fine structure is ignored here for 


purposes of this investigation. ) 






stp a 





FREQUENCY 


Fig. Bl. A representative curve illustrating theoretical arc- 


tangent variation of the absorption coefficient with frequency 


in the region of a main absorption edge. 
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Looking at the asymptotic behavior of Eq. (B-2), we see 
that C=p,andK=p, -p,. Setting VEV—o+ 1b in Eq. (B-2), 
we obtain 

M+ x) = Ki + zs we tan? (-1)\ +C = = Rare 


Similarly, when U=U,5-— , we obtain 


Q 

A(v.-k) = KLE -Ptanlanh+c =gk+C 
The constant term 2/a must therefore be equal to the width in 
frequency, W,), between 1/4 and 3/4 of the total jump in absorp- 
tion coefficient at the main edge. Accords to the theory of 
Richtmyer, Barnes and Ramberg (83), this is just the width of 
the initial atomic level if the width of the final level is taken as 
Zero. 

Substituting now for K and a in Eq. (B-4), we obtain 
a theoretical expression for the difference between an absorption 


limit taken from an absorption coefficient curve and that taken 


from the corresponding curve of relative intensity, namely, 


ae aa (14, Ms) W,, (B -5) 
The difference oOD= Up7 Vy 1S positive, hence the absorption 
limit obtained from an intensity curve will have the lower fre- 
quency, or longer wavelength. It is more convenient for the pur- 
pose of this discussion to speak in terms of wavelength, and since 
SU, =— SW) (where OA = Ao Ay and Wy is the width 


in wavelength units corresponding to Wy), we shall make use of 
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the approximate expression, 
aS: Bek ( 
SAS aay (Mh Me) Wa a 


It is impossible to evaluate 6X for all absorption limits, 
since the parameters on the right in Eq. (B-6) depend on the ele- 
ment and the transition in question, as well as on the absorber 
thickness used. Furthermore, there are very few papers in the 
literature which include the data needed to calculate its value for 
specific limits. However, from a few examples where such data 
is available, some conclusions can be drawn concerning the mag-. 
nitude of 6X. 

The most interesting of the papers which provide suffi- 
cient information for calculating 6 is the recent report by Beck- 
man, Axelsson and Bergvall (6) on their detailed study of the ef- | 
fect of the spectrometer window on the K edge of gold. Figure 2 
in this paper shows a comparison of the experimental intensity 
variation at the gold K limit and the corresponding variation in 
absorption coefficient obtained for a gold foil of thickness t = .0985 
mm. The inflection point of the intensity curve is shown here to be 
of approximately .026 xu longer wavelength than the inflection point 
of the corresponding absorption coefficient curve, which, within 
experimental errors, has anarctangent variation. The asymp- 
totic values Hy = hos 2 tin and My = 5.49 ae were very 


carefully determined by Beckman et al., using several absorbers 
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of various thicknesses and are published in the report, while 
Wy = 0.14 xu can be read directly from the figure. When these 
values are substituted in Eq. (B-6), we obtain a theoretical re- 
sult of 6X = -.011 xu, which is in reasonable agreement with the 
experimentally observed difference, when one considers that the 
estimated limit of error given by Beckman et al. is + .010 xu in 
the determination of the ebaorsten limit wavelength. 

Although the value of 6 is essentially equal to the un- 
certainty of the Au K absorption limit wavelength, it should be 
noted that this limit is known with considerably greater accuracy 
than are the K limits of most-other elements in this region. 
This is due to the care taken by Beckman, Axelsson and Berg- 
vall in eliminating the effect of absorber thickness, as well as 
their use of absorption coefficient curves, which, as previously 
pointed out, are considered the preferable method from a theo- 
retical standpoint. For the case of most other K limits in this 
region, where photographic measurements have been involved 
and where the effect of absorber thickness has been neglected, 
the estimated uncertainty is about four times the magnitude of 
6 calculated above for gold. 

The only paper reviewed in the course of this study 
which contained an actual comparison of intensity and Poenece 
ponding absorption coefficient curves was the one just discussed; 
however, Nordfors and Noreland (77) have included absorption 


coefficient curves of several L limits, from which approximate 
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values can be taken for calculating 6X. The results obtained 
from some of these curves are included in Table Bl, which also 
includes an estimate of the uncertainty in recommended wave- 
lengths for the particular region in question. The curves repre- 
senting absorption at the Ly edge were not evaluated in this 
case, as they appear to be distorted from the overlapping fine 
structure of the L,,, edge and do not generally reflect an arc- 


iil 


tangent variation. 





Table Bl 
ae 5X 6 ' 
Element Limit xu x x10 Approx. uncertainty Ref. 
5X r of r. in the region 
Au K -.O11 72 ppm 300 ppm 6 
Cd Ly ~. 082 23 100 77 
on L, -. 083 30 100 Cai 
Sn Ly -. 108 34 125 Lt 


In each of the above examples, the theoretical differ - 
ence between the absorption limit from an absorption coefficient 
curve and that from the corresponding curve of relative intensity 
is less than a third the estimated uncertainty in the recommended 
values for absorption limits in that particular region. While this 


is admittedly a very limited sampling upon which to draw a general 
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conclusion, it nevertheless supports the assumption that this 
difference is small compared to accuracy of the measurements; 
no examples could be found to contradict this assumption. In 
addition, it seems safe to assume that the term t(y, - ) yan 

Eq. (B-6) will normally be of the order 1 in order to obtain op- 
timum contrast at the absorption edge, and thus 6d will be roughly 
15 per cent of the width of the initial atomic level. Since the 
accuracy of a measurement generally depends on the breadth of 
the curve representing the edge, it appears reasonable to con- 
clude that the relationship between uncertainty of the measure- 
ments and 6X found for the above examples is representative of 
the general case. 

: Strictly speaking, the photometric curves are not 
true curves of relative transmitted intensity, due primarily to 
the variations with wavelength of incident intensity and the film 
blackening characteristics. As far as the absorption limit mea- 
surements are concerned, however, we are interested in a very 
small portion of the curve, covering only a few x units in wave- 
length, so that these effects are very small and can reasonably 
be neglected. This follows, first of all, from the fact that x ray 
target materials are normally selected so as to minimize the 
variation of the incident intensity within the wavelength region 
of the discontinuity to be studied. Secondly, since film density 


is essentially a linear function of exposure in the x ray region, 
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conclusion, it nevertheless supports the assumption that this 
difference is small compared to accuracy of the measurements; 
no examples could be found to contradict this assumption. In 

_ addition, it seems safe to assume that the term ty - ) Vain 

Eq. (B-6) will normally be of the order 1 in order to obtain op- 
timum contrast at the absorption edge, and thus §\ will be roughly 
15 per cent of the width of the initial atomic level. Since the 
accuracy of a measurement generally depends on the breadth of 
the curve representing the edge, it appears reasonable to con- 
clude that the relationship between uncertainty of the measure- 
ments and 6 found for the above examples is representative of 
the general case. 

: Strictly speaking, the photometric curves are not 
true curves of relative transmitted intensity, due primarily to 
the variations with wavelength of incident intensity and the film 
blackening characteristics. As far as the absorption limit mea- 
surements are concerned, however, we are interested in a very 
small portion of the curve, covering only a few x units in wave- 
length, so that these effects are very small and can reasonably 
be neglected. This follows, first of all, from the fact that x ray 
target materials are normally selected so as to minimize the 

- variation of the incident intensity within the wavelength region 
of the Rsconrnuity to be studied. Secondly, since film density 


is essentially a linear function of exposure in the x ray region, 
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variation in blackening is principally due to the change in energy 
of photons striking the photographic emulsion; this change is 
certainly not significant between the high and low energy sides 
of a main edge. 

In conclusion, it should be added that the difference, 
6X, iS opposite in direction to the shift in the absorption limit 
caused by finite thickness of the absorbing screen. This effect 
was only recently recognized, and consequently very few intesti- 
gators have taken it into consideration. Hence, it is even pos- 
sible that the absorption limit values obtained from photometric 
readings are actually more accurate than the majority of those 


obtained from absorption coefficient curves. 





9. 
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